The objectives of this study were to evaluate linear and volumetric alveolar changes induced by nasoalveolar molding (NAM) in infants with complete unilateral cleft lip and palate (UCLP) and compare the maxillary dimensions after NAM with the normal dimensions in infants without clefts. Methods: A total of 26 infants with UCLP treated by NAM (mean age before and after NAM: 14.20 ± 8.09 days and 118.16 ± 10.06 days, respectively) comprised the treatment group, while 26 infants without clefts (mean age: 115.81 ± 8.71 days) comprised the control group. Changes in the maxillary dimensions following NAM were measured on three-dimensional models using Mimics software, version 17.0. Results: During NAM, there was a decrease in the cleft widths, maxillary arch depths, and rotation of the greater segment. While the anterior alveolar arch width exhibited a significant decrease, the posterior arch width was mostly maintained. There were no changes in the anterior vertical deviations of the alveolar segments. The alveolar crest lengths, arch circumference, and bilateral posterior volumetric measures exhibited an increase. After NAM, the anterior arch width was comparable between the treatment and control groups, whereas the posterior arch width and anterior vertical deviations were greater in the treatment group than in the control group. The maxillary arch depths, alveolar crest lengths, and maxillary volumes were smaller in the NAM group than in the control group. Conclusions: During NAM in infants with UCLP, the cleft width and anteroposterior and transverse alveolar dimensions exhibited a decrease while the vertical dimensions were maintained. Compared with infants without clefts, those with UCLP treated by NAM exhibited sagittal and vertical alveolar growth deficiencies and tissue insufficiency. [Korean J Orthod 2019;49(5):286-298]
INTRODUCTION
Cleft lip and palate (CLP) is one of the most common congenital deformities. The treatment of this deformity requires an interdisciplinary approach for the restoration of both esthetics and function, starting from birth and continuing until adulthood. [1] [2] [3] CLP deformities show high variability according to the affected anatomical structures, amount of tissue deficiency, and segmental displacement. [4] [5] [6] In unilateral CLP (UCLP), the maxilla is composed of two segments: greater and lesser. In general, the greater segment shows anterolateral rotation while the lesser segment shows medial rotation at birth. [2] [3] [4] [5] [6] [7] [8] However, some researchers maintain that the lesser segment shows lateral rotation due to tongue insertion into the cleft area. [8] [9] [10] Both segments also display different amounts of vertical deviation toward the nasal cavity. 7 These segmental displacements together with tissue deficiency increase the severity of the deformity. For the achievement of maximum esthetic and functional results with minimal scar tissue after primary surgery, presurgical orthopedic (PSO) treatment involving leveling of the alveolar segments, correction of the arch form, and reduction of the cleft width is performed to decrease the severity of the initial deformity. Several PSO treatment methods have been defined and developed over time. In 1993, Grayson et al. 1 introduced nasoalveolar molding (NAM), which differs from conventional PSO treatments. It involves molding of the deformed alar cartilage in addition to alveolar leveling. Because it facilitates both intra-and extraoral corrections, NAM is a preferred treatment method in several clinics.
Although numerous studies have evaluated the transverse and sagittal alveolar changes induced by NAM in patients with UCLP, [11] [12] [13] [14] [15] [16] [17] studies evaluating the vertical deviations of the cleft segments toward the nasal cavity, which may pose a problem for surgical and orthodontic treatment, are limited. 16, 18, 19 The general conclusion in these studies, which involved pre-and post-treatment measurements, is that NAM decreases the alveolar cleft width and improves the arch form by aligning the deviated alveolar segments. However, the lack of control groups prevented the comparison of final arch forms and dimensions with those in patients without clefts.
Therefore, the aims of the present study were to evaluate transverse, sagittal, and vertical alveolar changes induced by NAM in infants with UCLP and compare the maxillary dimensions after NAM with the normal dimensions in infants without clefts.
MATERIALS AND METHODS
This retrospective study was approved by the Institutional Review Board of Yeditepe University (58/490).
The parents of all patients were informed about the study and provided their consent. The records of potential subjects whose parents refused to participate in the study were not included. The archive of the Craniofacial Clinic of Yeditepe University was searched for records of patients who were treated by NAM performed by two senior orthodontists according to the method of Grayson et al. 2 between 2010 and 2015. The records were screened, and patients who fulfilled the following inclusion criteria were enrolled in the NAM group: nonsyndromic complete UCLP without any Simonart band, regular attendance for all treatment visits, and goodquality records. From the same archive, the records of infants without clefts, which were collected for study purposes, were retrieved and included in the study for comparisons. The inclusion criteria for patients in the control group were as follows: absence of CLP or any craniofacial deformity and an age matched with the post-NAM age of the infants in the treatment group. According to Grayson and Maull, 19 the NAM treatment protocol involves gradual approximation of the alveolar segments by modification of the molding plate at weekly intervals; this is achieved through the selective removal of acrylic (no more than 1 mm) from the area into which the alveolar bone should grow and the addition of a soft liner on the contralateral side. When vertical deviation is present, vertical trimming at the poles of the greater and lesser alveolar segments is performed for the guidance of vertical bone growth. After fabrication, the appliance is secured by surgical retention tapes and orthodontic elastics (1/4 inch heavy elastics). The tapes are diagonally applied on the cheeks with vertical and horizontal force vectors. For the generation of an appropriate activation force of 2 ounce, the elastic should be stretched to approximately two times the diameter at rest. The tapes should be changed daily. A horizontal tape is also applied for approximation of the lips. When the cleft width is reduced to 5 mm, a nasal stent is added for molding of the septal cartilage. Following delivery of the plate, oral and written instructions concerning appropriate insertion of the plate and application of the tapes are provided to the parents/guardians, because NAM therapy requires caregiver compliance and proper application of the tapes and plate. The patient is recalled every week for the evaluation of changes and adjustment of the plate.
Dental casts were scanned by a D700 laser model scanner (3Shape, Copenhagen, Denmark), which exhibits a 20-mm accuracy. The obtained virtual models in stereolithographic format were imported into a threedimensional (3D) CAD software program (ver. 17.0, Mimics; Materialise, Leuven, Belgium) for measurements. A total of 19 points (one artificial, 18 anatomical) were defined and marked on the digital models (Table 1 and https://doi.org/10.4041/kjod.2019.49.5.286 Figure 1A ).
The positions of all landmarks on the 3D models were two-dimensionally checked in the sagittal, coronal, and axial planes ( Figure 1A ). Subsequently, 10 reference planes based on the landmarks were defined ( Table 1) . As described by Börnert et al., 18 a horizontal plane (HP) based on the bilateral tuberosity points and the noncleft canine point was used for evaluation of the anterior vertical deviations of the alveolar segments toward the nasal cavity ( Figure 1B ). For volumetric measurements, differential analysis was performed by segmentation of the alveolar structures by vertical reference planes and a horizontal reference plane (HRP) passing through the bilateral tuberosity points and gingival groove point on the greater segment ( Figure 2 ), because Braumann et al. 20 reported that morphological changes in the alveolar segments in patients with clefts are not uniform. Using these landmarks and reference planes, we obtained linear, angular, and volumetric measurements as shown in Table 2 and Figure 3 . Pre-(T0) and post-NAM (T1) measurements were compared for the patients in the treatment group. In addition, the maxillary dimensions after NAM in the treatment group were compared with the dimensions in the infants in the control group.
To compare the alveolar crest lengths between post-NAM (T1) and the control group, the maxillary alveolar crest as divided into two parts with reference to incisal (I) point. According to this segmentation, in the treatment group we named the half of the maxillary alveolar crest including cleft as 'cleft side' and the contralateral crest as 'non-cleft side'. As shown in the Table 3 , the cleft side alveolar crest length of the NAM group was compared to the right side alveolar crest length of the control group, whereas the non-cleft side alveolar crest length of the NAM group was compared to left side al-veolar crest length of the control group.
Statistical analysis
All statistical analyses were performed using the Number Cruncher Statistical System, 2007 (NCSS, LLC., Kaysville, UT, USA).
Descriptive statistics (mean, standard deviation) were performed, and normal distribution of the data was Table 1 for definitions of each landmark.
Figure 2.
Alveolar segmentation for the measurement of changes after nasoalveolar molding in infants with unilateral cleft lip and palate. The alveolar segments are separated from the maxillary virtual model 5 mm below the horizontal reference plane. For volumetric measurements, the segments are sectioned using the I, C1, C2, and C2' volumetric planes. See Table 1 for definitions of each landmark. tested using the Shapiro-Wilk test. Normally distributed pre-and post-NAM data were compared using paired t-tests, while post-NAM data were compared with the control group values using independent t-tests. A pvalue of < 0.05 was considered statistically significant. Pearson's correlation analysis was used to determine the association between two variables. Experimental statistical power analyses using the G*Power 3.1 program (Heinrich Heine Universitat, Dusseldorf, Germany) were used to determine the study power. In accordance with the study of Yu et al., 16 the sample size was calculated on the basis of a 2.04-mm mean difference (standard deviation, 1.79 mm) in the anterior arch depth between the treatment and control groups. The calculation revealed that 24 patients per group were required for a study with a power of 0.80 and an alpha of 0.05.
Table 2. Abbreviations and definitions of measurements used for the assessment of alveolar changes after nasoalveolar molding in infants with unilateral cleft lip and palate
For evaluation of the measurement error and intraoperator reliability, the same investigator repeated the landmark positioning and measurement procedures for the maxillary virtual models of 10 randomly selected patients (pre-and post-treatment models) and controls at 30 days after the original measurements. The calculated interclass correlation coefficients were between 0.763 and 0.997, which indicated consistency in the repeated measurements.
RESULTS
The treatment group included 26 patients with UCLP (nine girls and 17 boys) who underwent NAM. The mean ages before and after NAM were 14.20 ± 8.09 and 118.16 ± 10.06 days, respectively. The control group included 26 infants without clefts (eight girls and 18 boys; mean age, 115.81 ± 8.71 days).
The mean anterior and posterior cleft widths significantly decreased after NAM (p < 0.001; Table 4 ). Although the anterior arch width exhibited a significant decrease, with a mean value of 3.4 mm (p < 0.001) after NAM, the posterior arch width exhibited only a slight increase (p > 0.05; Table 4 ). While the anterior arch widths after NAM were not significantly different from the anterior arch width in the control group, the posterior arch width after NAM was significantly greater than the control value (p < 0.05; Table 3 ).
The transverse distance from the A point to the midline was considered negative (−) if the A point was positioned on the noncleft side of the midline and positive (+) if the A point was positioned on the cleft side. Accordingly, this distance exhibited a negative value before NAM and a positive value after NAM, which was achieved by movement of the A point toward the cleft side. The transverse distances from the I, C2, and A' points to the midline exhibited a significant decrease after treatment (p < 0.001; Table 4 ). The distance between the midline and the T and T' points were greater in the NAM group than in the control group, while the distance between the midline and the C2' point was smaller in the former than in the latter (p < 0.01 for all; Table 3 ).
The IZT angle increased while the ZTC2 and ZT'C2' angles decreased after NAM, with significant differences between pre-and post-NAM values (p < 0.001, p < 0.01, and p < 0.05, respectively; Table 4 ). In addition, the T-PP/T'-PP ratio significantly increased from 0.47 to 0.82 (p < 0.001; Table 4 ). The anterior arch depth, total arch depth, and I-Z distance exhibited a significant decrease after NAM (p < 0.001, p < 0.05 and p < 0.01, respectively; Table 4 ). Comparison between the NAM and control groups revealed that the anterior and total arch depths were 2.16 and 4.57 mm lesser, respectively, in the NAM group (p < 0.001; Table 3 ). The sagittal distance from the A point to the posterior plane showed a significant decrease after NAM because of posteromedial rotation of the greater segment (p < 0.01). On the other hand, the sagittal distance between the A' and C2' points significantly increased after NAM (p < 0.001 and p < 0.05; Table 4 ).
The mean vertical distances between HP and the A, I, and A' points showed no changes after NAM (Table 4 ). However, the vertical distance between the I point and HP was significantly greater in the NAM group than in the control group (p < 0.001; Table 3 ).
The alveolar crest length, which was measured segmentally between the anatomical landmarks to comprise greater and lesser segment lengths; and the arch circumference, was calculated from the sum of greater and lesser segments ( Table 2 ). The lengths of the greater and lesser segments significantly increased after NAM (p < 0.05; Table 4 ). The arch circumference also showed a significant increase, with a mean value of 2.96 mm after NAM (p < 0.05). All three post-NAM values were significantly smaller than the control values (p < 0.001, p < 0.01, and p < 0.05, respectively; Table 3 ). During the NAM, only the posterior regions of the greater and the lesser segments showed significant volumetric increases (p < 0.01, and p < 0.05, respectively) ( Table 4 ). All volumetric measurements were smaller in the NAM group than in the control group (Table 3) .
Correlations between the amount of reduction in the anterior cleft width and the changes during NAM treatment were evaluated using Pearson's correlation analysis. Changes in the distances between the midline and the I, C2, and A' points; anterior arch depth; distance between the I and Z points; and lesser segment volume exhibited positive correlations, whereas the change in the distance between the A point and the midline exhibited a negative correlation ( Table 5 ). Description of the landmarks used in this study are depicted in Tables 1 and 2 .
DISCUSSION
The goals of NAM therapy are to normalize the maxillary morphology by reducing the severity of the initial cleft deformity and achieve optimal surgical outcomes with minimal scar formation. 2, 3, [13] [14] [15] [16] [17] Moreover, leveling of the alveolar structures, which support the nose and lip segments, provides a better environment for appropriate soft tissue molding. 19 While a few studies have investigated the effects of NAM at the level of the alveolus, [11] [12] [13] [14] [15] [16] [17] 21 they mostly evaluated transverse and sagittal alveolar changes induced by the treatment. [13] [14] [15] [16] [17] However, assessment of the vertical dimensions of the alveolar segments after treatment, which can result in vertical malalignment or insufficient vertical growth, is very crucial. In addition, volumetric measurements may present valuable information about possible tissue deficiency and the osteogenic growth potential. Two-dimensional (2D) analyses are not capable of evaluating vertical and volumetric changes in an accurate manner. Therefore, the present study performed 3D analysis on virtual models by using specialized software in order to increase the measurement variability and overcome the methodological limitations of direct measurements on plaster models and indirect 2D measurements.
Studies evaluating the effects of NAM are generally based on the comparison of pre-and post-treatment variables. 11, [13] [14] [15] [16] However, the main criteria for judging the effectiveness of any PSO treatment is concordance of the post-treatment maxillary arch form and dimensions in infants with CLP with the arch form and dimensions in age-matched infants without clefts. Accordingly, we included a control group of age-matched infants without CLP for post-treatment comparisons.
The amount of decrease in the alveolar cleft width is also considered an indicator of the effectiveness of PSO treatment. 2, 3, 15, 17, [22] [23] [24] As expected, anterior and posterior cleft widths decreased significantly following NAM in the present study. Alveolar molding is mainly effective in the anterior region. 11 Our correlation analysis revealed that the decrease in the anterior cleft width was particularly caused by posteromedial rotation of the greater segment during molding. 8, 15, 21, 25 On the other hand, no segmental movement was seen in the posterior region, and the decrease in the posterior cleft width can be attributed to growth and remodeling at the medial borders of the cleft segments. 11, 26 We observed a decrease of approximately 3 mm in the anterior alveolar arch width in our patients. The results for changes in the anterior arch width during treatment in previous studies are controversial. While Baek and Son 11 reported a significant decrease in the anterior arch width, other authors found no significant changes in this parameter. 14, 16 These discrepancies in results may be caused by differences in the severity of the initial deformity, the amount and direc- Table 5 . Correlations between changes in maxillary variables and the decrease in the anterior cleft width after nasoalveolar molding in infants with unilateral cleft lip and palate Table 2 for definition of each landmark. tion of correction by appliance therapy, and variations in individual growth potentials. Although the anterior alveolar arch widths decreased after NAM, it was not significantly different from the value for the control group. This finding suggests that NAM does not cause overconstriction of the maxillary arch. We also found a slight increase in the posterior arch width after NAM.
In general, studies on NAM have reported no change or a slight decrease in the posterior arch width. 11, 15, 16 In fact, in the present study, the post-NAM posterior arch was about 1.7 mm wider than the posterior arch in the control group. These findings strongly support the belief that neonatal orthopedic treatment has no constrictive effects on the posterior arch width.
In the present study, linear and angular measurements were performed for the evaluation of segmental movements. The most prominent movement toward the midline was observed at the pole of the greater segment, with a progressive decrease in the posterior direction and negligible movement at the tuberosity points ( Table  4 ). As stated by Baek and Son, 11 the posterior alveolar structures serve as a hinge point during posteromedial rotation of the greater segment by NAM, which results in midline correction and improvement in the arch symmetry (Table 4 ).
In the sagittal plane, although the inward and backward movement of the greater segment resulted in a significant decrease in the arch depth, the arch depth of the lesser segment increased either because of growth or anterior displacement. 27, 28 The arch depths after NAM were smaller than the arch depths in the control group, probably because of the limiting effects of the retention tapes on growth of the greater segment, possible tissue deficiency, or growth insufficiency.
The vertical deviations of the anterior portion of both segments remained largely unchanged after NAM. However, the deviations were larger in the treatment group than in the control group. Yu et al. 16 reported a significant increase in the anterior vertical deviations toward the nasal cavity after modified NAM therapy, which was greater than that in untreated patients with UCLP. The authors concluded that vertical growth of the alveolar segments was inhibited by the vertical forces of the retention tapes during treatment. However, a study showed that the anterior vertical deviations of the alveolar segments remain unchanged during PSO treatment without retention tape application. 18 Therefore, the application of mild extraoral forces may eliminate or at least minimize the negative effects of the retention tapes on vertical growth. In the present study, evaluation of individual casts showed variable vertical movements induced by NAM, even though a similar treatment protocol was followed for every patient in terms of activation, interappointment intervals, and retention tape application. For example, some patients with increased initial vertical deviations showed a significant decrease as a result of vertical trimming within the appliance and growth during treatment, whereas some showed opposing findings possibly caused by inappropriate application of the retention tapes (Figure 4 ). During the treatment of infants with CLP, one should consider the likelihood of individual differences between patients in terms of the severity of the initial deformity and the response to treatment, which is also partly related to caregiver compliance. Although all caregivers receive the same oral and written instructions, some may experience difficulties in tape application. As mentioned earlier, the vertical deviations after NAM were greater than those in the control group. Börnert et al. 18 reported that initial nasal deviations of the segments should be taken into account during vertical dimensional evaluations. Accordingly, these individual differences may be a result of variations in the amount of tissue deficiency and individual growth potential. The present study found significant increases in the alveolar crest lengths and arch circumference after NAM. Previous studies have shown similar length increases, which were explained by growth. The researchers concluded that PSO treatment does not inhibit alveolar segmental growth. 14, 15, 20, 29 However, we found that the crest lengths in all regions were significantly smaller in the NAM group than in the control group. Because the control included infants without clefts, we could not determine whether this difference was caused by tissue deficiency or the limiting effect of the appliance on alveolar growth.
After NAM, significant increases were seen in volumetric measurements, particularly in the posterior region of the alveolar segments. As mentioned by Berkowitz, 30 most of the growth occurs posteriorly so that the developing primary and permanent molars can be accommodated. Similarly, Braumann et al. 20 reported larger volume increases in the molar region during PSO treatment using passive plates. The segment volumes are, to a large degree, determined by the number and size of developing tooth germs.
In volumetric evaluations, the vertical dimensions and growth of segments must be considered. The vertical deviation increases continuously from the posterior to the anterior region, with the maximum deviation in the pole region. Moreover, it is more prominent on the cleft side than on the noncleft side in patients with UCLP. 20 Therefore, in volumetric segmentation, the amount of tissue loss increases toward the anterior region, particularly in the pole region. Thus, the variability in the vertical deviations in the present study could cause some data loss during segmentation. Further studies with larger samples are required to overcome the limitation of individual variations.
All volumetric measurements obtained after NAM were significantly smaller than the control measurements in the present study. These dimensional differences were uniform throughout the noncleft side, whereas they were more prominent in the anterior region on the cleft side. This may be indicative of the lack of adequate tissue due to the alveolar cleft in this region. 5, 16, 20, 25, 28 We found that volumetric measurements on the noncleft side were also smaller in the NAM group than in the control group. This indicated not only some amount of tissue deficiency on the noncleft side but also maxillary hypoplasia. 28 A reference plane is particularly required for evaluation of volumetric changes and the 3D topography of the maxilla. Previous studies used intra-or extramaxil-lary planes for this purpose. 10, 20, 29, 31, 32 In the present study, HRP was set to pass through the bilateral tuberosity points and gingival groove point on the greater segment, similar to the method used by Braumann et al. 20, 29, 31 for volumetric evaluation of the alveolus after PSO treatment in infants with CLP. The tuberosity points reportedly exhibit high reliability and reproducibility; moreover, the distance between these landmarks seems to be the most stable because it is correlated with the distance between the pterygoid processes. 4, 31, 33 Furthermore, during NAM, significant changes in the relative vertical positions of the tuberosity points on the lesser and greater segments are not expected because there is no vertical trimming in these regions. Vertical adjustment is only made anterior to the canine region, i.e., at the poles of the greater and lesser segments, when necessary. Therefore, we considered the tuberosity points as relatively stable landmarks. On the other hand, reference planes constructed using extramaxillary structures are advantageous because they are not affected by alveolar molding. However, this necessitates more complicated and invasive methods, such as preparation of maxillary and facial casts from intra-and extraoral impressions and a procedure similar to facebow transfer, which is inconvenient in infants. 10, 32 
